The controversy as to whether synaptic transmission in the central nervous system is electrical or chemical played a key role in the origin of modern neuroscience, and I shall attempt to give it a historical perspective.
ECCLES that transmission between two dectrically generating and responsive structures could be electrical. It is important to recognize the long lineages of the two hypotheses.
The first definitive experiments were made in 1921 by Loewi, who demonstrated that vagal inhibition of the heart was mediated by a chemical substance that was later identified as acetylcholine (ACh) , and that the action of the nervi accelerantes was due to an adrenalin-like substance, now identified as noradrenalin (Loewi 1921) . The slow action of these indubitable chemical transmissions was revealed in 1932 by a systematic study (Brown & Eccles 1934) on the action of a single vagal volley on the rhythm of the heart beat. There was a latent period of about 100 msec, even when the vagal fibers were stimulated in the region of the sino-auricular node. The slowing reached a maximum at about 0.4 see and gradually passed off over many seconds. The ACh mediation was demonstrated by the depressant action of atropine on the inhibitory slowing, and by its enhancement and prolongation by the antieholinesterase drug, eserine. I continued for many years to regard this slow time course of an indubitable chemical mediation by ACh as a paradigm of all chemical transmissions, as was recently pointed out by Macintosh & Paton in their biographical memoir on G. L. Brown (1974) :
But the analysis (of the vagal inhibition) may have helped by its very elegance perpetuate the erroneous view that chemical transmitters are in general, or even of necessity, transmitters of long duration, acting for at least some tenths of a second after being released. A corollary opinion was that any briefer transmission process could not be chemical; thus it was supposed that transmission at neuro-museular and neuronal synapses, which in many cases is accomplished within a few milliseconds, must be mediated by the electrical currents associated with the nerve impulse.
Until the advent of eleetronmieroseopy in the 1950s there was no dear evidence that the vagal innervation of heart muscle gave a much more remote liberation of ACh than occurred in the extremely close contact of the neuro-muscular synapse on striated muscle. A further factor unknown at that time was that the muscarinic and nicotinic actions of ACh were effected by quite different postsynaptic mechanisms that were sharply distinguished by their speeds of aetion--muscafinie being slow, nicotinic fast.
The concept that synaptic transmission was effected by ACh acting in its nicotine-like manner was first suggested for sympathetic ganglia in 1933 and Gaddum, who showed that when a sympathetic ganglion was stimulated, ACh was liberated into the esednized perfusate. This hypothesis was further developed by Feldberg & Vartiainen in 1934 on the basis of experiments on the liberation of ACh and on the stimulating action of ACh when it was given by close intra-arterial injection and registered by the contraction of the nictitating membrane. A full account of the intensive investigations of the Dale school in the memorable years of 1933 to 1936 is given in my review of 1936, which was written with much help from G. L. Brown. It was a triumph of neuropharmacology.
As I remember the cumulative impacts of these research reports, I recall that I was sceptical, not about the role of,ACh as a transmitter, but about its exclusive role. I had been investigating synaptic transmission in the superior cervical ganglion, by electrically recording, and I was impressed by the short synaptic delay (3 msec) and by the one-to-one relationship of a preganglionic volley and the postganglionic discharge. Such fast transmission was so different from the well-established chemical transmissions referred to above. There were other difficulties:
1. Large doses of eserine given intravenously had no appreciable effect on the transmission of a single preganghonic volley. Neither the ganglionic action potential nor the negative and positive after-potentials showed any change. 2. Almost all the cholinesterase had been shown to be in, or on, the preganglionic fibers and not on the postsynaptic membrane where it should be located for most effective inactivation of the liberated ACh.
The climax to this controversy came in May 1935 when there was a very tense encounter. I presented to the British Physiological Society the results www.annualreviews.org/aronline Annual Reviews of repetitively stimulating the pathway to the nictitating membrane either presynaptically or postsynaptically. With maximal stimuli the contractions recorded with a very sensitive optical myograph were identical (within 1%) except for a slight delay in decline for presynaptic stimulation in some experiments. With eserinization of the superior cervical ganglion (by local or intravenous application), the delayed decline became a prominent feature and lasted for about 15 sec. It was argued that ACh accumulation was responsible for the after-discharge and that the slow contraction was matched by that produced by close intra-arterial injection of ACh into the carotid artery and so to the ganglion (Eccles 1935) .
Two explanations were proposed for the initial fast response:
1. The fast response was also due to ACh. 2. The fast response was due to electrical excitation.
The fast explanation was criticized because the rapid decline of the initial action was not slowed by eserine inactivation of the acetylcholinesterase. For example, the facilitation curve for submaximal preganglionic stimulation showed that synaptic activation declined in an exponential manner for about 150 msec and this facilitation curve was not slowed by eserine. Comparable examples of fast and slow transmitter actions, with the fast not giving the expected pharmacological response, were known at this time, and were used to support a double transmitter theory.
1. Henderson & Roepke (1934) reported that stimulation of the parasympathetic innervation to the bladder results first in a quick, then in slow contraction of the bladder wall, only the slow being paralyzed by atropine and mimicked by ACh. 2. Monnier & Bacq (1935) and Eccles & Magladery (1936) observed with the adrenergic contraction of the nictitating membrane, the antiadrenalin drug 933F blocked the slow electrical response and the associated contraction but not the fast response. Dale (1934) recognized the difficulty raised by these selective blockages but made the valuable suggestion that the fast responses are due to very close apposition of the releasing presynaptie terminals and the slow responses to a remote release. This explanation has turned out to be correct. It illustrates the penetrating insight with which he was gifted. Nevertheless it can be recognized in retrospect that there were grounds on which to build the alternative electrical transmitter story. At that time, and for almost two decades later, there was an inadequate knowledge of the microstructure of the nerve endings. The best histological pictures of synaptic boutons or loops showed a synaptic gap of about 1 /~m, which, for chemically mediated synaptic transmission, would result in a delay of many milliseconds. Only in 1961 did Gray & Guillery demonstrate that the 
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The transmission from nerve impulse to skeletal muscle had long been recognized as being very fast and unitary. A single nerve impulse evokes the discharge of a single muscle impulse with a synaptic delay of only 1 msec. It contrasted so sharply with the transmissions that were clearly chemically mediated that Loewi stated in a 1933 lecture, "Personally I do not believe in a humoral mechanism existing in the case of striated muscle." I had a similar belief at that time. I can remember being quite outraged when Dale & Feldberg suggested in 1934 that their discovery of ACh release on nerve stimulation of muscle indicated that ACh was the transmitter. As mentioned above, we had recently shown that the action of a single vagal volley on the heart had a latency of at least 0.1 see and a duration of several seconds. However, the evidence rapidly accumulated, thanks particularly to the elegant experiments of Brown (1937) on muscle stimulation by close intra-arterial injection of ACh and its block by curare and ori the analysis of the action of eserine. It was eertairdy impressive that the single response was transformed by eserine into a brief waning tetanus. There were fewer anomalies than with ganglionic transmission. In my 1936 review I coneluded that, although there was much evidence supporting the hypothesis of ACh as the transmitter, further experiments were necessary. However, it was there admitted that the alternative electrical transmission hypothesis was so vaguely formulated as to be virtually useless in ~uiding further experiments. When later it was formulated in a model (Figure 1 ; Eccles 1949) it was found to be untenable because of the extreme mismatch between the surface areas of a nerve fiber and the many muscle fibers that it innervates. In the early 1940s, Katz, Kutiter, and I made a detailed electrical study of the endplate potential of a eurarized muscle and the effect of anticholinesterase drugs upon it. This work showed that the initial fast transmission was due to ACh, as well as the quite distinct slow response, so we went on record in complete support of ACh transmission (Eccles, Katz & Kutiter 1942) .
I have an entertaining exchange of correspondence with Dale that occurred at that time.
J. C. E. to H. H. D.--28 July 1943
My dear Sir Henry, I heard recently from some source--which at present escapes me---that you and Brown were glad that we had at last admitted the full significance of ACh at the neuro-museular junction! And now I have the unkindness to reopen the argument by a paper on eserine action on the sympathetic ganglion. It seems that the picture is more complicated than we yet realize ... 
(b)
Figure I Diagrams of current flow at a schematic synapse with presynaptic impulse approaching synapse in (a), and at synapse in (b). Note reversal of current flow, the focal anodal A~ effect being followed by the focal cathodal C2 effect at the synaptic region of the postsynaptic membrane.
which reached you was certai~dy not wholly inaccurate. I shall, of course, look forward with additional interest to your paper in the Journal of Physiology, about the action of eserine on the ganglion.
I am told that John Fulton, in a recent number of Science, has begun to balance himself more carefully than before on the top of the hedge, so that eventually we may find you all on the same, safe side.
Here is an example of subtle comment with the wise and gentle irony of which Dale was a master! Certainly for most of us the electrical-chemical controversy had been settled in the 1940s in favor of ACh for ganglionic and neuromuscular transmission. There are good accounts of the relative positions of the various disputants of a electrical versus chemical hypotheses in several symposia. In a 1939 symposium on the synapse that was published in the Journal of Neurophysiology, Lorente de Nd, Gasser, and Erlanger expressed themselves strongly in favor of electrical transmission. In the Paris symposium of 1949 there was good support for electrical transmission, but very www.annualreviews.org/aronline Annual Reviews largely for synapses in the central nervous system (CNS). Even as recently as the Brussels symposium of 1951 there was substantial support for electrical transmission, particularly by Fessard.
Concerning transmission at synapses in the CNS, the problem was still open through the 1940s (cf Eccles 1949) . I continued to espouse the dectdcal theory both for excitation and inhibition. There were several reasons for this lingering faith! 1. The beautifully clear demonstrations of ACh action at peripheral synapses could not be carried out in the CNS. Certainly ACh was present in considerable amounts in different regions of the CNS, but, despite heroic attempts, there were no convincing experiments that ACh had an action mimicking synaptic action. It is now recognized that ACh action in most parts of the CNS is muscarinic and so very slow in onset and in decline that at the most it could form a background for synaptic action. 2. There was no bad mismatch between the electrical properties of the presynaptic and postsynaptic elements of a synapse, such as had been recognized at nerve-muscle synapses. 3. The ingenious ephaptic experiments ofArvanitaki, Katz, Lorente de N6, and associates had given encouragement to the designing of models that wouldaccount for the two fundamental synaptic actions of excitation and inhibition, as described below. From 1945 onwards I was deeply under the influence of Karl Popper, who stressed the necessity to formulate clear hypotheses and then test them by rigorous experiment. In 1945 and 1946 I had developed a model for electrical excitatory synaptic action, based on ephaptic studies, that is diagrammed in a simple form in Figure 1 (Eccles 1946 ). An impulse propagating into the nerve terminal at a synapse exerts an initial anodal (A1) and later cathodal (C2) current input across the subsynaptic membrane. It was assumed that C2 sets up a local response postsynaptically, which acts as an amplifying mechanism. In 1948 Bullock published his elegant investigations on the single synapses in the stellate ganglion of the squid, and pointed out in conclusion "that the descriptions of properties given here corresponds exactly to expectations from the electrical theory elaborated by Eccles."
In 1947 I developed an electrical theory of synaptic inhibitory action which conformed with the available experimental evidence. Incidentally this theory came to me in a dream. On awakening I remembered the near tragic loss of Loewi's dream, so I kept myself awake for an hour or so going over every aspect of the dream, and found it fitted all experimental evidence. It was duly diagrammed and published in Nature (Brooks & Eccles 1947) , and was known as the Golgi cell theory of inhibition. I still think it was an ingenious model because it used the current flow of an excited interneuron www.annualreviews.org/aronline Annual Reviews to generate anelectrotonic loci on neurons upon which their synapses were placed, as illustrated in Figure 2 . Thus, there could be a close aggregation of many anelectrotonic foci on a neuron with the consequent inhibition of an excitatory synaptic action. For several years this electrical theory was tested experimentally and did very well with the not very challenging methods of extracellular recording.
The chance for more rigorous testing came when we had developed intracellular recording from motoneurons in mid-1951. After some preliminary experiments on synaptic excitation and antidromic responses the decisive tests were carried out in August 1951. A microelectrode had been inserted into a biceps-semitendinosus motoneuron and it was known that an afferent volley in the nerve to the quadriceps muscle had a powerful "'direct" inhibitory action on biceps-semitendinosus neurons that was supposed to be monosynaptic (Lloyd 1946) . Before the test was applied we had recognized that on the electrical model for inhibitory action the microelectrode would be in a brief positively going electrical field (x in Figure 2) , whereas on the chemical hypothesis synaptic inhibition would be expected to be due to a brief increase in membrane potential, which means that it would record a brief negatively going potential. Thus it was a clear test. If the quadriceps volley caused the trace to go up it was electrical, if down it was chemical. It went down! The result was repeatable, it was graded with stimulus strength, and indubitable. In Figure 3 the initial records of that www.annualreviews.org/aronline Annual Reviews momentous experiment are published for the first time. We were momentarily stunned. It was in the early hours of the morning! But, on recovering from the shock, the decision was made. Inhibitory synaptic action was chemically mediated; and it was evident that the mirror image response (i.e. excitatory synaptic action) was also chemical (cf Figure 3) . I went to England in January 1952 carrying the news of my belated conversion, and of course with all the enthusiasm of a neophyte. There was a paper to the Physiological Society and a fascinating Discussion Meeting of the Royal Society.
Although chemical transmission was now accepted, there were new problems that at first confused us! Dale and I both accepted the proposition that the same transmitter could act oppositely at different transmitter sites by virtue of specialization of the postsynaptic receptor mcmbrane. It was accepted that the group Ia afferent fibers from muscle spindles monosynaptically excited the motoneurons in the same muscle, and monosynaptically inhibited the antagonist motoneurons (direct inhibition). At the Royal Society Discussion in February 1952, Dale quoted in support of the proposed double action of the transmitter at these synapses, the action of ACh on the urinary bladder in which some smooth muscle fibers are excited and others inhibited. That was the position until 1953.
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The first crack in this monolithic structure appeared with the discovery by our group in Canberra (Eccles, Fatt & Koketsu 1953 ) that motor axon collaterals exerted a cholinergic excitatory action on Renshaw cells, which are small interneurones in the ventral horn that had been recognized by Renshaw about ten years earlier.
Renshaw cells were shown to inhibit motoneurons and had apparently no excitatory action.
Naturally we informed Sir Henry of our discovery in advance of the publication and I quote from his very happy letter of reply:
H. H. D. to J. C. E.--lst October 1953 My dear Eccles, I am indeed grateful to you for giving me the very great pleasure of reading in advance the extremely interesting paper, which you are publishing with Fatt and Koketsu. I do congratulate you all, not only upon the beauty of the observations recorded, but on the very attractively clear and concise account of them in the paper. Your new-found enthusiasm is certainly not going to cause any of us embarrassment. It is extremely satisfactory to have the direct evidence of a cholinergic transmission from the ending of the collateral of a cholinergic axon, which, as you say, could have been predicted. I myself emphasized in 1934, in a Nothnagel Lecture which I gave in Vienna, the fact that the chemical function appeared to be a function, not merely of the nerve ending, but of the whole neurone, and speculated at the time concerning the possibility, that the identification of the peripheral transmitter of the so-called "antidromic vasodilatation" might give a clue to the transmitter, at the other, central synaptic ending, of what appeared to be normally an afferent nerve fibre. www.annualreviews.org/aronline Annual Reviews
Dale developed this idea in his Dundee Lecture (Dale 1952 ):
The transmitter used by nerveqibres of a particular kind, and concentrated at their endings in readiness for release, is also to be found along the whole length of the fibres; a transmitter is characteristic, then, not only of the endings, but of the whole neuronē .. What shall we expect of such a substance? The synaptic endings in the central nervous system represent only one end of these dorsal-root fibres. Are we to expect that the transmitter at their central, synaptic endings wonld also be functional at their peripheral endings, and possibly be there concerned with transmitting the so=called antidromic vasodilator action?
On the basis of this and earlier statements, I proposed (Eccles 1957 ) that Dale's Principle be defined as stating that at all the axonal branches of a neuron the same transmitter substance or substances are liberated. Dale's prescience has now been vindicated by the finding that substance P seems to be the transmitter concerned both in the "antidromic vasodilatation" and in the central synaptic transmission by dorsal root fibers in the spinal cord (I-I61ffelt et al 1977 (I-I61ffelt et al , Nicoll et al 1980 .
After the discovery of the cholinergic pathway through the inhibitory Renshaw cells,, a further discovery was made on the so=called "direct" inhibitory pathway, under Paul Fatt's guidance. We had been bothered about the longer latency of the inhibitory postsynaptic potential (IPSP) direct inhibition relative to monosynaptic excitation of the same motoneurons, the difference being about 0.8 msec. From 1951 to 1953 this was explained as due to the longer conduction time in the presynaptic fibers giving the IPSP of the antagonist motoneurons. However, this explanation was called into question by Paul Fatt and so we set up experiments to test it (Eccles, Fatt& Landgren 1953) . We showed that there was an interneuron interpolated on the direct inhibitory pathway. I immediately informed Sir Henry of the discovery. There is a letter of yours of Oct. Ist of last year which I should have replied to earlier. You very kindly commented on our work and mentioned your very early reference to the chemical function of the whole neurone. You will now see that we have further evidence in support of that important generalization. We suggest that all central inhibitory action is due to the operation of small interneurones which are inserted as the final stage in all the inhibitory pathways that we have investigated. You will immediately see the general implication of these findings. Sir Henry immediately replied: --25-26 August 1954 ... It is, of course, an addition to knowledge of these matters of first rate interest, that you are now able to find evidence of a syna ~pt~ relay on the supposedly direct nhibtory path, and thus to account for the~tra latent period of the inhibitory effect. I think www.annualreviews.org/aronline Annual Reviews that I detect between the lines of your paper a feeling, as it were, of relief from the necessity of supposing, otherwise, that the same synapti¢ transmitter, acting on different motoneurones, might produce opposite effects. I confess that that did not worry me particularly, since we had become very familiar with theproducfion at the periphery by the same transmitter, whether acetylcholine, or, in other cases, adrenaline, of opposite effects of augmentation or inhibition on the plain muscle of different orsans , or even of different parts of the same organ. However, your evidence for the internenrones on the inhibitory pathway is very convincing, and I note your readiness to interpret it as possibly meaning that all excitatory .effects in the CNS may be due tothe release of a single transmitter and all inhibitory effects to the release of another. That, of course, would suit my particular prejudices or preconceptions extremely well; but I am sure that you will not mind my saying that I wonder whether, only a few years ago, you would not have seized rather eagerly upon the evidence for the inhibitory interneurones, as facilitating the explanation of the inhibition on electrical lines, and eliminating any excuse for bothering with such fantastic ideas as a chemical transmission! (Here is another lovely example of his wise and gentle irony.)
I have two final comments to make. First, in the mammalian CNS it is now generally accepted that neurons are either excitatory or inhibitory and are never ambivalent. Most ~hibitory synapses release glyeine or GABA. Excitatory synapses are rarely cholinergic, but at many glutamate and aspartate appear to be the transmitters. There are also several other transmitters now recognized at special sites in the CNS: dopamine, n0radrenalin, serotonin, and several peptides such as substance P. There is also evidence that several transmitters may be released at a synapse. For example, there may be a conventional synaptic transmitter and a slower acting neuron modulator. Second, the rejection of electrical transmission was correct for all synapses in the controversy, but electrical transmission has made a "come back," even in the vertebrate CNS, with the recognition of a special type of synapse, the gap junction. In 1959, Furshpan & Potter made the remarkable demonstration that there is one-way electrical transmission between crustacean giant fibers. There was very close apposition of the synaptic membranes, with, in addition, a polarization in the direction of current flow. Later, excitatory gap junctions were recognized in vertebrates for neurons that fire electric organs (Bennett et al 1963) , but they are relatively rare in the mammalian brain and it has yet to be shown that they are functionally important in the brain. Electrical inhibition has been demonstrated in the goldfish Mauthner cell (Furukawa & Furshpan 1963 , Korn & Faber 1975 . It is interesting that the models for such electrical synapses resemble those of the original electrical synaptic story. This is particularly the case for the goldfish inhibition where interneurons generate a local anelectrotonus as in the original inhibitory model of my dream (Figure 2 www.annualreviews.org/aronline Annual Reviews
